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a b s t r a c t
Pharmaceutically active compounds (PACs) are continuously dispersed into the environment due to
human and veterinary use, giving rise to their potential accumulation in edible plants. In this study,
Eruca sativa L. and Zea mays L. were selected to determine the potential uptake and accumulation of
eight different PACs (Salbutamol, Atenolol, Lincomycin, Cyclophosphamide, Carbamazepine, Bezaﬁbrate,
Oﬂoxacin and Ranitidine) designed for human use. To mimic environmental conditions, the plants were
grown in pots and irrigated with water spiked with a mixture of PACs at concentrations found in Italian
wastewaters and rivers. Moreover, 10 and 100 concentrations of these pharmaceuticals were also
tested. The presence of the pharmaceuticals was tested in the edible parts of the plants, namely leaves
for E. sativa and grains for Z. mays. Quantiﬁcation was performed by liquid chromatography mass
spectroscopy (LC/MS/MS). In the grains of 100 treated Z. mays, only atenolol, lincomycin and
carbamazepine were above the limit of detection (LOD). At the same concentration in E. sativa plants
the uptake of all PACs was 4LOD. Lincomycin and oﬂaxacin were above the limit of quantitation in all
conditions tested in E. sativa. The results suggest that uptake of some pharmaceuticals from the soil may
indeed be a potential transport route to plants and that these environmental pollutants can reach
different edible parts of the selected crops. Measurements of the concentrations of these pharmaceu-
ticals in plant materials were used to model potential adult human exposure to these compounds. The
results indicate that under the current experimental conditions, crops exposed to the selected
pharmaceutical mixture would not have any negative effects on human health. Moreover, no signiﬁcant
differences in the growth of E. sativa or Z. mays plants irrigated with PAC-spiked vs. non-spiked water
were observed.
& 2014 Elsevier Inc. All rights reserved.
1. Introduction
Pharmaceutically active compounds (PACs) may enter the envir-
onment through patient excretions, discharge from pharmaceutical
manufacturing facilities, and improper disposal (Sharma et al.,
2013). Pharmaceuticals are not completely metabolized in the body
and may therefore be excreted in an active form able to elicit a
biological response at very low concentrations (Rang et al., 1999;
Boxall et al., 2002; Sarmah et al., 2006). The presence of pharma-
ceutical residues has been documented in ground, surface, and even
drinking water (Arnold et al., 2013; Boxall et al., 2012; De Lorenzo
and Fleming, 2012), and modern water treatment systems are not
completely able to effectively remove all PACs (Rivera-Utrilla et al.,
2013). Throughout Europe, wastewater and rivers contain a broad
variety of pharmaceutical substances and their metabolites (http://
www.eea.europa.eu). PAC concentrations in the environment may
range between ng l1 and mg l1. While it is accepted that these
concentrations are too low to present a short-term risk for humans,
the long-term toxicity of PACs in the environment remains to be
characterized. Indeed, pharmaceutical substances are speciﬁcally
designed to be chemically stable and resistant to degradation and to
have a biological effect on living organisms. The toxic effects of PACs
on aquatic organisms have been well-documented (Carlsson et al.,
2009; Kümmerer, 2008; Corcoran et al., 2010; Vannini et al., 2011).
in vitro tests performed on human cells using a mixture of PACs
suggest that these PACs inhibit cell proliferation and affect cell
physiology and morphology (Pomati et al., 2006). These effects are
strictly related to pollutant concentrations and combinations, expo-
sure times, and other environmental factors. For these reasons, to
assess the real risk of pharmaceutical contaminants in water on
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human health, the access of the body to these pollutants should be
investigated (Kumar and Xagoraraki, 2010). Agriculture represents
an important gateway of pharmaceutical contaminants into the
food chain due to the high demand for water from different
freshwater sources and the use of sewage sludge compost (Munoz
et al., 2010; Piel et al., 2012). Several studies have explored the
uptake in crops of PACs designed for both human medical and
veterinary use. Results demonstrated that this uptake is apparently
speciﬁc to both plant species and chemicals. (Wu et al., 2010, 2012;
Tanoue et al., 2012; Dolliver et al., 2007; Eggen et al., 2011; Herklotz
et al., 2010; Dodgen et al., 2013; Calderon-Preciado et al., 2013).
However, although some existing studies have considered realistic
PACs concentrations such as Shenker et al. (2011), most of the
previous reports have used very relevant concentrations (mg l1) of
chemicals (compared to those present in the environment). More-
over, single drugs or mixtures of a few compounds were employed
for the toxicological tests performed in these studies.
The objective of the present study was to evaluate the ability of
edible plants to uptake a mixture of eight PACs. The selected
chemicals are a subset of PACs found in Italian rivers by Pomati
et al. (2006) and the lowest concentration used is based on
environmental levels. Moreover, the selected PACs are representa-
tive of a wide range of physicochemical properties (Table 1) and
environmental persistence.
Two different crops were selected. The ﬁrst crop, Eruca sativa L.
(arugula, rocket) is a fast-growing plant that requires consistent
water irrigation and is cultivated both at the industrial level and in
the home garden. The edible portion of this vegetable is the leaves,
which can be harvested after 20 days of growth and sequentially
harvested after re-growth; therefore, our toxicological analysis
was performed on the leaves of this crop. The second plant
was Zea mays L. (maize, corn), one of the most economically
important food crops in the world, which demands substantial
water volume during plant growth and ﬂowering. In this crop, the
edible portion is the kernels; thus, we estimated the uptake of
PACs in corn kernels following plant irrigation with PAC-
contaminated water.
We also evaluated the phytotoxicity of the same PAC mixture
by performing seed germination tests on ﬁlter paper and examin-
ing plant growth in the soil. PACs may elicit a biological response
on non-target organisms because their molecular targets may be
evolutionarily well-conserved. Green algae were predicted to have
orthologs of 35 percent of the 1318 human drug targets tested
(Gunnarsson et al., 2008), and homologous targets for PACs have
been identiﬁed in plants (Brain et al., 2009; Rand-Weaver et al.,
2013).
The importance of our study is to test the mixture of PACs
rather than the individual chemical separately because this is the
form in which the chemical are found in nature. Moreover, to
study the uptake of PACs in edible portions of the crops is
important to evaluate the potential risks to consume plant parts.
Our results are important to use of reclaimed wastewater
for irrigation and potentially for the use of sewage sludge
amendment.
2. Materials and methods
2.1. Chemicals and materials
Salbutamol (SAL), Atenolol (ATN), Lincomycin (LIN), Cyclophosphamide (CPA),
Carbamazepine (CBZ), Bezaﬁbrate (BZF) was purchased from Sigma-Aldrich
(Steinheim, Germany), Oﬂoxacin (OFX) and Ranitidine (RNT) was obtained from
ICN Biochemicals (Meckenheim, Germany) and GlaxoSmithKline (Philadelphia, PA),
respectively. Deuterated internal standard (IS) Salbutamol-D3 (99.1 percent D) were
purchased from CDN isotopes (Quebec, Canada). Stock solutions for all compounds
were prepared in methanol (1 mg ml1) and stored at 20 1C. Working mixtures
of the eight PACs were prepared just before use. Serial dilutions in a volume of one
liter were made to obtain the three ﬁnal concentrations: 100 , 10 and 1 , the
last one corresponding to the detected environmental levels (Table 1, Pomati et al.,
2006). All solvent used (Sigma-Aldrich, Steinheim, Germany) were LC–MS grade.
Oasis MCX 3 cc Vac Cartridge, (60 mg sorbent per cartridge) for solid phase
extraction (SPE) were purchased from Waters Corp., Milford, MA.
2.2. Plant materials and seed germination test
E. sativa L. (Fratelli Ingegnoli, Milan, Italy) and Z. mays cv. Tevere (Monsanto, St.
Louis, MO, USA) seeds were sterilized with 2.5 percent sodium hypochlorite for
15 min and thoroughly washed with distilled water. Hydrated seeds were trans-
ferred in Petri dishes (100 mm diameter) containing a Whatman ﬁlter in the
presence of 5 ml of distilled water pH 7.1 (control) or PACs solution at different
concentration: 100 , 10 and 1 . For each concentration 10 dishes, each
containing 10 seeds, were prepared and incubated in the dark at 25 1C. After
72 h, the germinated seeds were counted according to the APAT protocol (APAT,
2002). Seeds were considered germinated when root elongation was 43 mm; a
minimum of 80 percent germinated seeds in the control dishes was required
(OECD, 1984; USEPA, 1996). Tests were performed in triplicate.
2.3. Plant treatment
E. sativa plants were grown in a controlled greenhouse (25 1C, with a 16 h/8 h
photoperiod) in pots (15 cm diameter, 12 cm height). Four seeds were sown in each
pot containing 300 g of peat-based horticultural mixture (50 percent of organic
matter and pH 7.1) and covered by a plastic ﬁlm during germination. The pots were
irrigated for the ﬁrst 15 days with fresh water and after this period were irrigated
three times for week with 50 ml of water containing 0, 1 , 10 , 100 PAC
solutions. The drainage was collected and put back into the pot. Five pots
(replicates) were used for each treatment. The treatments were continued for six
Table 1
Pharmaceuticals analyzed. 1 concentration is referred to environmental level of drugs detected in northern Italian rivers (Pomati et al., 2006)
Pharmaceuticals Therapeutic category 1 conc. (ng l1) MW (Da) pKaa logPg fn h (pH 7.1) logDowg
Salbutamol (SAL) Bronchodilator 4.6 239.3 10.1; 9.4 0.34 0.005 1.58
Atenolol (ATN) Anti-Arrhythmia 241 266.33 9.6b 0.43 0.003 2.06
Ranitidine (RNT) Histamine H2 Antagonists 39 314.14 8.08 0.99 0.094 0.03
Lincomycin (LIN) Anti-Bacterial 249 406.54 12.9c 0.32 0.12 1.24
Oﬂoxacin (OFX) Anti-Bacterial 150 361.37 6.2; 5.4 0.65 0.11 0.01
Cyclophosphamide (CPA) Antineoplastic 10 260.02 6.0d 0.1 1 þ0.1
Carbamazepine (CBZ) Anticonvulsants 33 236.27 13.9e 2.25 1 þ2.77
Bezaﬁbrate (BZF) Antilipemic 57 361.12 3.61f 4.25 0.0003 þ0.91
a Predicted data from http://www.drugbank.ca/ (unless otherwise speciﬁed).
b Merck index (2001).
c Sarmah et al. (2006).
d Mahoney et al. (2003).
e Tanoue et al. (2012)
f www.rochecanada.com.
g Predicted values (unless otherwise speciﬁed) from database of Royal Society of Chemistry: http://www.chemspider.com.
h Wu et al. (2013).
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weeks. At the end of the experiment, the whole aboveground plants were cut,
rinsed with deionized water, drained and the biomass weight recorded. The tissues
collected were then frozen in liquid nitrogen, ground and lyophilized. Samples
were kept at 20 1C until extraction.
In the case of Z. mays, plants were grown in a controlled greenhouse at 25 1С,
an illumination of 100–120 μmol photon m2 s1 and photoperiod of 12 h in the
vessels of 34 cm diameter, 30 cm height and 13 l of volume. After germination
plants were irrigated for the ﬁrst 10 days with fresh water and subsequently
with 500 ml of water containing 0, 1 , 10 , 100 PAC solutions every day.
The duration of plant treatment experiment was 4 months up to the stage of
fructiﬁcation.
Kernels were rinsed with deionized water, drained, and the biomass weight
recorded. Kernels were then frozen in liquid nitrogen, grounded, lyophilized and
kept at 20 1C until extraction.
2.4. PAC extraction
PACs were extracted from plants material by ultrasonic solvent extractions
(USE) followed by a cleaning step SPE. The USE protocol was adapted from Ternes
et al. (2005). Samples (1 g dry weight) were spiked with 10 ng of IS Salbutamol-D3,
and successively extracted with 10 ml methanol (two times) and 10 ml acetone. In
each extraction step, the samples were sonicated for 10 min and then centrifuged
at 6000 rpm for 10 min. The supernatants were collected, evaporated to a volume
of about 1 ml by using a rotary evaporator (Laborota 4000, Heidolph) and diluted
with water to a ﬁnal volume of 50 ml.
The SPE was performed by using an Oasis MCX 3 cc Vac Cartridgeas described
in Castiglioni et al. (2005). Brieﬂy, the pH of plant extract was adjusted to 2.0 with
37 percent HCl. After conditioning of cartridges (6 ml of methanol, 3 ml of water
and 3 ml of acidiﬁed water), the samples were passed through the cartridges under
vacuum at a ﬂow rate of 20 ml min1. The columns were vacuum-dried and eluted
with 5 ml of methanol and 2.5 ml of 2 percent ammonia solution in methanol. The
eluates were pooled, dried under air and stored at 20 1C. Before analysis samples
were dissolved in 500 μl of water and aliquots of 20 ml were injected for HPLC
analysis with an auto sampler.
2.5. Chromatography and mass spectrometry
The HPLC analysis was performed in a Finningan Surveyor MS plus HPLC system
(Thermo Electron Corporation, CA, USA). Chromatography separations were conducted
onto a Luna C8 column 50 mm2 mm i.d., 3 μm particle size (Phenomenex, Torrance,
CA, USA). The elution 200 ml min1) was completed at room temperature in 10 min
with linear gradient from 98 percent A (formic acid 0.1 percent in water) to 95 percent
of eluent B (formic acid 0.1 percent in acetonitrile).
The mass spectrometry analysis was done using a Finningan LXQ linear ion trap
equipped with an ESI ion source (Thermo Electron Corporation, CA, USA). All
pharmaceuticals were analyzed in positive mode (spray voltage 4.5 kV, capillary
temperature 270 1C). For each substance the optimization of collision energy, the
choice of fragmentation products and the tuning parameters were done in
continuous ﬂow mode, by using standard solutions at concentration of 10 ng μl1.
2.6. Quantiﬁcation and validation of the method
Quantitative analysis of PACs was performed as described by Castiglioni et al.
(2005) measuring the fragmentation products of each drug and of its standard. The
characteristic precursor ion / product ion transitions are listed in Table 2. To help
identiﬁcation we compared also the Retention Times (RT) of compounds with the
RT of corresponding reference standards. For the quantitative analysis, in order to
compensate for a possible matrix effect, the peak area of each target compound was
normalized with the peak area of the IS. The same procedure was used to
plot calibration curves from the standard solutions. Five-point calibration curves
(1 to 50 ng ml1) were generated for each pharmaceutical.
The concentrations of the target compounds in plant samples were corrected
by recovery ratios, which were calculated by spiking the control sample with the
PAC mixture containing 15 ng of each pharmaceutical. Procedural blanks (metha-
nol, acetone) spiked with IS were added to each set of sample to control
contamination. Variability was investigated by running three replicate analyses of
a single sample.
The instrumental detection limit (IDL) and instrumental quantiﬁcation limit
(IQL) were determined by spiking a SPE eluate of control sample with decreasing
amounts of pharmaceutical mixture, down to 0.5 ng, and determining at what
concentration the signal to noise ratios were equal to 3 and 10, respectively.
2.7. Statistical analyses
Data were checked for normal distribution (Kolmogorov and Smirnov method)
and homogeneity of variance (Bartlett method). ANOVA test was performed to test
the effects of treatment (Control, 1 , 10 and100 ) on percentage of germinated
seed and root elongation. A Tukey HSD test was applied to compare the effects of
treatment at each experimental time. Tests of signiﬁcance were made at a 95
percent conﬁdence level. Analyses were processed using GraphPad InStat 3.1
(GraphPad Software, 2009, CA, USA).
3. Results and discussion
3.1. PAC quantiﬁcation and method validation
The recoveries for all compounds were higher than 70 percent
except for the ranitidine (RNT, 48 percent) and oﬂaxacine (OFX, 37
percent) (Table 2). The recovery data are quite similar to those
reported for pharmaceuticals detected in sewage treatment plant
efﬂuents (Castiglioni et al., 2005) and in algae (Vannini et al.,
2011). As discussed by Castiglioni et al. (2005), the low recovery of
OFX can be attributed to the high sensitivity of this compound to
the evaporation step during extraction. Table 2 shows the limits of
detection (LOD) and limit of quantiﬁcation (LOQ) for the whole
method. The LOQ ranged from 0.06 to 0.3 ng g1 wet weight (ww)
for E. sativa leaves and from 0.3 to 1.25 ng g1 ww for Z. mays
kernels. The LOD ranged from 0.03 to 0.06 ng g1 ww for E. sativa
leaves and from 0.05 to 0.09 ng g1 ww for Z. mays kernels. In
lettuce leaves Wu et al. (2012) reported a lower LOD value for CBZ
and an higher value for ATN (compared to our data). The LOD for
CBZ in E. sativa is comparable to those reported by Shenker et al.
(2011) in pea tissues or by Winker et al. (2010) in ryegrass leaves.
Overall, these results demonstrate the consistency of our extrac-
tion and clean-up method.
3.2. Analysis of PAC uptake
None of the selected pharmaceuticals were detected in the
control samples. Conversely, all target PACs were detected in
Table 2
Precursor ion and product ion fragmentations used to identify PACs by LC–MS/MS. Method detection, quantiﬁcation limit (LOD, LOQ) and recovery for Eruca sativa and Zea
mays matrix.
Compound Precursor ion
m z1
Product ion Eruca sativa leaves Zea mays kernels
LOD LOQ Recovery 7SD (%) LOD LOQ Recovery 7SD (%)
ng g1 ww ng g1 ww
Salbutamol 240.1 166.1, 148.1 0.06 0.6 10472.7 0.09 0.9 9572.7
Atenolol 267.1 190.1, 225.2 0.06 0.3 10475.1 0.06 0.5 10275.1
Ranitidine 315.2 176.1, 130.1 0.06 0.3 4873.5 0.09 1.25 4473.5
Lincomycin 407.2 359.1, 126.1 0.03 0.06 7774.6 0.06 0.3 8574.6
Oﬂoxacin 362.2 318.1, 261.1 0.03 0.06 3773.0 0.06 0.6 3373.0
Cyclophosphamide 261.1 233.1, 140.1 0.06 0.3 10674.3 0.09 0.9 10174.3
Carbamazepine 237.1 194.2, 192.1 0.03 0.3 8472.2 0.05 0.5 8072.2
Bezaﬁbrate 362.3 274.1, 316.1 0.03 0.06 9672.9 0.06 0.6 7572.9
SD, standard deviation, n¼3; ww, wet weight.
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E. sativa plants treated with 100 PAC solution (Table 3). For ﬁve
pharmaceuticals (ATN, LIN, OFX, CBZ, and BZF), the concentrations
were above the LOQ, and except for BZF, the values were higher
than 1 ng g1 ww. In rocket plants treated with 10 PAC solution,
only LIN and OFX were quantiﬁable, while SAL and BZF were
below the detection limits. ATN, LIN, OFX, CPA, and CBZ were
present even in rocket plants irrigated with the 1 mixture of
PACs, while only the levels of LIN and OFX were above the LOQ
(Table 3). The Bio-Concentration Factors (BCFs) of PACs in rocket
leaves were calculated as the ratio of the drug concentration in
plant tissue to the nominal concentration in irrigation water
(Table 3). In all cases, the BCFs were o1.
We detected the presence of ATN, LIN, and CBZ in the kernels of
maize plants irrigated with 100 PAC mixture, although the levels
of these drugs were below the LOQ. These results demonstrate the
ability of E. sativa and Z. mays to uptake and translocate some
selected PACs from soil irrigated with contaminated water.
The uptake of chemicals (such as drugs) and their translocation
through plant organs are conditioned by the hydrophobic nature
(logP) and ionization state of the molecules (and are dependent on
the pKa and pH of the soil). By using the equation reported by Wu
et al. (2013) we calculated the fraction of neutral molecules (fn) of
the tested PACs in our system. Some of the tested PACs exist
predominantly as ionic form and we calculated the pH-dependent
octanol-water partition coefﬁcient (logDow) by using the equations
reported in literature (Tanoue et al., 2012; Wu et al., 2013)
(Table 1).
CBZ and CPA were in the neutral form in our experimental
system (Table 1). CPA uptake was below LOQ probably because of
its low logP (0.1). At the contrary, the logP (2.25) of CBZ was
optimal for the transport in the shoot (Tanoue et al., 2012). This
may explain why the BCF of CBZ is the highest among the
quantiﬁed PACs. However, in the present study, the total uptake
of CBZ was lower than previously reported values (Tanoue et al.,
2012; Herklotz et al., 2010; Shenker et al., 2011; Wu et al., 2010,
2012, 2013; Winker et al., 2010). This discrepancy may primarily
be attributed to differences in experimental conditions and in
particular to the use of a peat-based horticultural mixture, which
may have affected the bioavailability of CBZ (Shenker et al., 2011).
BZF was present primarily in the anionic form, which is hardly
absorbed by the root; however its logDow (0.91) may explain the
moderate uptake of this chemical. The compounds SAL, ATN, LIN
and OFX exist predominantly as cationic forms in our system and
their logDow result very low. The slight uptake of these compounds
may be attributed to an electric attraction of the cations to the
negative charge on the plasmalemma (Tanoue et al., 2012).
When the log BCFs values were plotted against the logDow
values, the coefﬁcient of determination R2 was 0.73 (po0.05)
(Fig. 1). This result suggests that, although the hydrophobicity
strongly affects the bioaccumulation of the tested PACs, other
processes must be involved to explain completely the BCF values
measured.
3.3. Implications for human health
The accumulation of some PACs in plants suggests the possibi-
lity of dietary uptake, which would potentially pose a risk to
human health. We therefore estimated the individual's annual
exposure to these PACs based on the highest concentrations of
PACs detected in plants and the average daily consumption of leafy
vegetables (Dodgen et al., 2013). The annual exposure ranged from
0.035 mg for CBZ to 0.0083 mg for BZF (Table 4). A rough
conversion of the expected annual exposure in medical dose
equivalents indicated that the direct human risks for these PACs
are negligible.
3.4. Effects of PAC on in vitro germination and plant growth
We tested the effects of 1 , 10 , and 100 PAC mixtures on
germination and root elongation growth in E. sativa and Z. mays.
These rapid tests have previously been used to assess the phyto-
toxicity of PACs on different plant species (Hillis et al., 2011). We
found that germination of the control samples was greater than 80
percent, and PAC treatments did not have any signiﬁcant effect on
the percentage of germination (Table 5). However, signiﬁcant
decreases in root length were observed in Z. mays seedlings
exposed to 10 and 100 PAC mixtures (Table 5). These data
indicate that the early phases of seed germination are an
Table 3
Pharmaceuticals uptake, ng g1ww, by Eruca sativa leaves and Zea mays kernels (mean7SD).
1 10 100
Eruca sativa Zea mays Eruca sativa Zea mays Eruca sativa BCF (kg l1) Zea mays
Salbutamol oLOD oLOD oLOD oLOD oLOQ – oLOD
Atenolol oLOQ oLOD oLOQ oLOD 1.80 (0.2) 0.075 oLOQ
Ranitidine oLOD oLOD oLOQ oLOD oLOQ – oLOD
Lincomycin 0.12 (0.01) oLOD 0.28 (0.02) oLOD 1.92 (0.3) 0.078 oLOQ
Oﬂoxacin 0.10 (0.01) oLOD 0.59 (0.07) oLOD 1.17 (0.5) 0.078 oLOD
Cyclophosphamide oLOQ oLOD oLOQ oLOD oLOQ – oLOD
Carbamazepine oLOQ oLOD oLOQ oLOD 2.51 (0.4) 0.76 oLOQ
Bezaﬁbrate oLOD oLOD oLOD oLOD 0.58 (0.1) 0.10 oLOD
(SD), standard deviation, n¼3, ww, wet weight. BCF, bioconcentration factor.
Fig. 1. Correlation between log BCF and logDow for quantiﬁed PACs in 100 treated
Eruca sativa plants.
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important and vulnerable stage in the Z. mays life cycle. The
observed decrease in root length to the 10 and 100 PAC
solutions is likely very relevant to use of reclaimed wastewater
for irrigation and potentially for the use of sewage sludge
amendment.
No signiﬁcant differences in the growth or phenotypes of
E. sativa or Z. mays plants grown in soil irrigated with PACs-
spiked vs. non-spiked water were observed (data not shown).
Overall, these data conﬁrm the notion that the impact of PACs on
higher plants appears to depend on the concentration of the drugs,
the plant species, and the experimental conditions (such as the
duration and method of exposure). For example, CBZ and ibupro-
fen do not have toxic effects on ryegrass (Winker et al., 2010), and
CBZ, diphenhydramine, and triclocarban do not have toxic effects
on various crops (Wu et al., 2012). However, other studies have
indicated that the uptake of drugs can inhibit plant growth and
induce damage to plants (Boxall et al., 2006; Michelini et al., 2012;
Dolliver et al., 2007; Shenker et al., 2011; D’Abrosca et al., 2008,
Aristilde et al., 2010; Eggen et al., 2011).
Further research is needed to assess the risk of PACs in areas
that employ intensive irrigation and their risk to perennial plants.
Moreover, the potential eco-toxicological effects of PAC uptake
on soil microbiota and phytophagous insects should also be
evaluated.
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